An in vitro study was conducted to examine the influence of nonesterified fatty acids (NEFA) on bovine polymorphonuclear leukocytes (PMN). Eight healthy, midlactating Holstein cows were used as blood donors. Blood PMN were isolated and incubated with a mixture of NEFA, reflecting composition of bovine plasma NEFA at concentrations that were intended to mimic those found in blood of cows undergoing high, moderate, or low lipomobilization intensity (2, 1, 0.5, 0.25, 0.125, and 0.0625 mM). Control samples were incubated in absence of NEFA. Phagocytosis and oxidative burst activities were assessed by a 2-color flow cytometric method, which was based on oxidation of intracellular dihydrorhodamine 123 to green fluorescent rhodamine 123. Oxidative burst products were generated by incubating PMN with Staphylococcus aureus labeled with propidium iodide. A flow cytometric technique was used to detect PMN viability, necrosis, and apoptosis using fluorescein isothiocyanate-labeled annexin-V and propidium iodide. Phagocytic activity was not affected by NEFA. The highest concentration of NEFA (2 mM) was associated with a dramatic increase of phagocytosisassociated oxidative burst activities with a reduction in cell viability (48.0 vs. 97.5% in control samples) and with a marked increase of necrosis (49.4 vs. 0.5% in control samples). Conversely, the mixture of NEFA did not affect the occurrence of apoptosis. Enhancement of the oxidative burst associated with the highest concentration of NEFA might explain the reduced viability and higher percentage of necrosis observed under the same conditions. This study demonstrated a substantial resistance of bovine PMN to an overload of fatty acids. However, observation that the highest concentration of NEFA regulated some PMN functions encourages the possibility of in vivo studies to assess the rela-
INTRODUCTION
Periparturient dairy cows undergo a series of substantial hormonal and metabolic changes (Kehrli et al., 1998) . The main periparturient neuroendocrine changes are related to parturition or onset of lactation and regard estrogens, progesterone, prolactin, growth hormone, endogenous opioids, and glycocorticoids (Kehrli et al., 1998) . Metabolically, early lactating dairy cows require more energy than they are able to obtain through feed (Goff and Horst, 1997) . As a consequence, they come into a temporary state of negative energy balance, characterized by hypoglycemia, lipomobilization, and increased NEFA that may eventually lead to ketotic states (Roberts et al., 1981) . In particular, previous studies indicated that plasma NEFA of early lactating cows should be around 0.5 mM and that higher values are detected in cows with intense lipomobilization and suffering from subclinical or clinical ketosis (Veenhuizen et al., 1991; Busato et al., 2002) .
Periparturient cows also experience a high incidence of infections, which has been ascribed to a temporary immunodepression. Different researchers ascribed the impairment of immune functions around calving to the above-reported neuroendocrine (Kehrli et al., 1998) or metabolic changes (Kaneene et al., 1997; Suriyasathaporn et al., 2000; Lacetera et al., 2004) . Other researchers hypothesized that periparturient immunodepression may be associated with changes of subpopulations of blood or milk leukocytes (Zerbe et al., 2000) .
It is well known that around parturition and during early lactation, cows become extremely sensitive to intramammary infections caused by gram-positive and gram-negative pathogens (Burvenich et al., 2003) . Epidemiological studies demonstrated that risk of clinical mastitis was higher in ketotic cows (Erb and Grohn, 1988; Oltenacu and Ekesbo, 1994) . To protect cows from mastitis and other infections, integrity of innate immunity is crucial (Burvenich et al., 1994; Suriyasathaporn et al., 2000) . Negative effects of ketones on functional activity of polymorphonuclear leukocytes (PMN) have already been reported for both sheep and dairy cows (Hoeben et al., 1997 (Hoeben et al., , 1999 (Hoeben et al., , 2000 Sartorelli et al., 1999 Sartorelli et al., , 2000 . Hoeben et al. (2000) has described negative relationships between chemiluminescence response of PMN and plasma concentrations of BHBA and NEFA. Recently, Mehrzad et al. (2004 Mehrzad et al. ( , 2005 also demonstrated that chemiluminescence and viability of resident milk PMN (static innate immunity) play a crucial role in the severity of subsequently induced Escherichia coli mastitis. Finally, Van Oostveldt et al. (2001) reported that apoptosis of circulatory and milk PMN was higher in early lactating than in midlactating cows; those researchers suggested that apoptotic and necrotic processes might explain the downregulation of PMN functions shortly after calving.
With regard to other infections, Kaneene et al. (1997) indicated that NEFA concentrations in serum have potential as diagnostic indicators of disease risk in dairy cows in problem herds with high levels of peripartum disease.
In a series of in vitro studies carried out in dairy sheep and cows with NEFA concentrations mimicking those occurring in conditions of intense lipomobilization, we reported that NEFA dramatically impaired lymphocyte functions (Lacetera et al., 2002a (Lacetera et al., ,b, 2004 .
The present in vitro study was carried out to assess whether high concentrations of NEFA could alter phagocytosis, oxidative burst, viability, apoptosis, and necrosis of circulatory PMN of lactating cows. In other words, the study was aimed to evaluate PMN functions under conditions simulating those of intense lipomobilization, which characterize the periparturient period.
MATERIALS AND METHODS

Animals and Blood Sample Collection
Eight clinically healthy Holstein-Friesian cows in their second or third lactation and at approximately 100 DIM were used as blood donors. Midlactating cows were preferred to early lactating cows to avoid possible interference caused by isolation of PMN from animals with high plasma NEFA consequent to intense lipomobilization. Furthermore, midlactation is a period during which most of the concerned cell functions are optimal in comparison with their status at early lactation (Van Oostveldt et al., 2001) . Cows were selected from the dairy herd at Gent University (Biocentrum Agri-Vet, Melle, Belgium) and at the time of the study, average milk yield was approximately 23 L/d. depending on the PMN isolation procedure used (described subsequently).
Further tubes without anticoagulant were used for preparation of sera pool. The sera pool was filter-sterilized and stored at −80°C until use.
Isolation of PMN
Two different procedures were used to isolate PMN. The first procedure was used in the phagocytosis and oxidative burst study. In this case, PMN were isolated following the method described by Carlson and Kaneko (1973) . The second procedure was used to study viability, apoptosis, and necrosis. Isolation of PMN was carried out according to the method described by Roets et al. (1999) .
Use of the 2 isolation procedures was due to results of a previous study (Van Oostveldt et al., 1999) . That study indicated that the isolation procedure suggested by Carlson and Kaneko (1973) was responsible for a high percentage of false-positive cells when used to assess apoptosis in polymorphonuclear cells by cytofluorimetric procedure.
In both cases, after isolation, PMN pellets were resuspended in Dulbecco's PBS (DPBS; Sigma, St. Louis, MO) supplemented with 2% BSA (A grade, endotoxintested, Sigma). Afterward, the PMN were counted with an automatic cell counter (Coulter Counter ZF, Coulter Electronics Ltd., Luton, UK), and their concentration was adjusted to 1 × 10 7 cells/mL. The viability of PMN was assessed immediately after the isolation and before incubation with NEFA by propidium iodide (PI; Sigma) exclusion (1 g of PI/mL, final concentration) using flow cytometry (FCT). The analysis was performed after the cells were incubated for 10 min in the dark at room temperature.
Incubation of PMN with NEFA
The NEFA mixture used in the study was a combination of C16:0 (30%), C16:1 (5%), C18:0 (15%), C18:1 (45%), and C18:2 (5%) and reflected the composition of bovine plasma NEFA (Noble et al., 1971) . The mixture was prepared as described elsewhere (Lacetera et al., 2002a) using the method of Strang et al. (1998) with minor modifications.
The stock solution of NEFA (88.8 mM) was diluted to 20 mM in DPBS supplemented with 2% BSA, adjusted to pH 7.4, and sterilized by passage through a filter. Then, this solution was serially diluted with DPBS supplemented with 2% BSA to reach the final concentrations in PMN suspensions of 2, 1, 0.5, 0.250, 0.125, and 0.0625 mM. Concentrations tested were intended to mimic those found in blood of cows undergoing ) 0 mmol/L 56.6 ± 5.3 7.6 ± 1.9 0.0625 mmol/L 60.0 ± 5.3 9.4 ± 1.9 0.125 mmol/L 58.4 ± 5.4 8.4 ± 1.9 0.250 mmol/L 58.6 ± 5.3 8.9 ± 1.9 0.5 mmol/L 54.4 ± 5.3 8.6 ± 1.9 1 mmol/L 63.5 ± 5.3 12.4 ± 1.9 2 mmol/L 49.6 ± 5.8 12.9 ± 2.0 1 Data were collected from 10,000 cells per sample in the gate set for PMN. Values reported are means ± SEM of 8 cows. Treatment differences were not significant. high (2 and 1 mM), moderate (0.5 and 0.25 mM), or low (0.125 and 0.0625 mM) lipomobilization intensity (Roberts et al., 1981; Veenhuizen et al., 1991; Busato et al., 2002) . Control samples were incubated in the absence of NEFA (0 mM).
Labeling of Staphylococcus aureus with PI
Staphylococcus aureus Newbold 305 was grown overnight in tryptic soy broth (Sigma) at 37°C. Tryptic soy broth was prepared by dissolving 30 g of the product in 1 L of sterile double-distilled water followed by autoclaving at 120°C for 30 min. The day after, bacteria were treated for labeling as already described elsewhere (Smits et al., 1997) .
Phagocytosis and Oxidative Burst Study
In this study, the concentration of PMN suspensions was 4.5 × 10 5 cells per tube. Instead of NEFA, control tubes contained PMN with either DPBS or staurosporine (Sigma) (0.107 M, final concentration) or its solvent [dimethyl sulfoxide (DMSO), 0.05%]. Staurosporine was dissolved in DMSO to obtain a stock solution (0.214 mM), and aliquots were stored at −80°C. Before use, staurosporine was diluted in DPBS, reaching the final concentration of 0.107 M after the addition to cell suspensions. Staurosporine was used, in the light of its effects as inhibitors of bovine PMN oxidative burst (Smits et al., 1997) . The PMN were incubated in an atmosphere of 95% air and 5% CO 2 at 37°C for 4 h.
After the incubation with NEFA, 90 L of PMN suspension were preincubated with 10 M dihydrorhodamine 123 (DHR) (phagocytosis per oxidative burst tubes) or DPBS (autofluorescence tubes) for 5 min in a shaking water bath at 37°C. The DHR was purchased from Molecular Probes (Junction City, OR), dissolved in DMSO in the dark at a concentration of 2 mM, and stored at −80°C until use. Before use, DHR solution was diluted 1:20 in RPMI 1640 (Life Technologies, Paisley, UK). After loading of leukocytes, 10 L of PI-labeled bacteria or DPBS and 5 L of sera pool were added to give a total volume of 115 L. All experiments were performed over 20-min incubations at 37°C in the dark with a bacteria:PMN of 25:1 (Smits et al., 1997) . Phagocytosis was stopped by adding 0.1 mM N-ethylmaleimide (Sigma), and samples were stored on ice. Before the analysis, 400 L of cold DPBS was added to each sample.
A rapid and sensitive 2-color FCT method for simultaneous measurement of phagocytosis rate and oxidative burst activity of isolated bovine PMN was used. In particular, our assay of the oxidative burst activity was able to detect the intracellular fluorescence, which reflected the amount of reactive oxygen species (ROS) released into phagosomes. The assay was based on the oxidation of intracellular DHR to green fluorescent rhodamine 123 (ROD) by oxidative burst products generated by incubating the PMN with red fluorescent PIlabeled S. aureus (Smits et al., 1997; Bassøe et al., 2000) . Data were collected from 10,000 cells per sample in the gate set for PMN, and the percentage of fluorescence and the mean fluorescence intensity (MFI) were used as quantitative indices of PMN response.
Viability, Apoptosis, and Necrosis Study
In this study, the concentration of PMN suspensions was 10 6 cells per tube. Instead of NEFA, control tubes contained PMN with either DPBS or actinomycin D (Sigma; 16 M, final concentration). Actinomycin D was dissolved in DPBS to obtain a stock solution of 320 M and stored at −80°C. Before use, it was thawed and diluted to reach a concentration of 16 M after addition to cell suspensions. Actinomycin D was used, in the light of its ability to induce apoptosis in bovine PMN (Van Oostveldt et al., 1999) . The PMN were incubated in an atmosphere of 95% air and 5% CO 2 at 37°C for 3 h.
Apoptosis of bovine PMN was quantified using a dualcolor FCT procedure with staining of exposed phosphatidylserine by fluorescein isothiocyanate (FITC)-annexin-V (Roche GmbH, Mannheim, Germany) and of cellular DNA using PI.
After the incubation with NEFA mixture, PMN suspensions were centrifuged, and cell pellets (1 × 10 6 PMN per sample) were resuspended in 100 L of incubation buffer (10 mM HEPES/HCl, pH 7.4, 140 mM NaCl, 5 mM CaCl 2 ) containing FITC-annexin-V and PI. This solution was freshly prepared adding 20 L of annexin-V-FITC and 20 L of a PI solution (50 g/mL) to 1 mL of incubation buffer. The mixture was incubated for 10 min in the dark at room temperature. Before the analysis, 400 L of cold DPBS was added to each sample.
To simultaneously identify viable, apoptotic, and necrotic PMN, an FCT technique was also used (Van Oostveldt et al., 2001) . This was based on the method of Vermes et al. (1995) developed for apoptosis and necrosis detection in isolated human lymphocytes using FITC-labeled annexin-V and PI. Data were collected from 5,000 cells per sample in the gate set for PMN, and results of PMN viability, apoptosis, and necrosis were reported as the percentage of annexin-V-FITC positive cells (apoptotic cells), PI positive cells (necrotic cells), and negative cells for both kinds of fluorescence (viable cells), respectively.
FCT
For both FCT assays, a FACScan was used (Becton Dickinson Immunocytometry Systems, San Jose, CA). The PMN were selectively gated for analysis by forward scatter and side scatter, which detect cell size and granularity, respectively. The analysis was done using CellQuest software (Becton Dickinson Immunocytometry Systems). 
Statistical Analyses
Data were analyzed by the mixed model procedure of SAS (SAS, Version 8.1) with cow as random effect and concentration of NEFA as categorical fixed effect. The different NEFA concentrations were compared pairwise using Tukey's multiple comparison method at a global significance level of 5%.
RESULTS
Phagocytosis and Oxidative Burst Study
Phagocytosis was not affected by the tested concentrations of NEFA, neither in terms of percentage nor in terms of MFI (Table 1 ). In contrast, significant differences were found in the ability of PMN to produce ROS following incubation with NEFA ( Table 2) . The low and moderate concentrations of NEFA (0.0625, 0.125, 0.25, and 0.5 mM) induced a significant decrease (0.0001 < P < 0.05) in the phagocytosis-dependent burst activity expressed as a percentage of fluorescence, whereas the highest concentration (2 mM) did not cause any significant difference with respect to the control. Instead, the highest concentration of NEFA (2 mM) caused an increase (P < 0.0001) of MFI after phagocytosis of S. aureus. Figure 1 shows a scatter-dot plot of PMN sample without NEFA or with 2 mM NEFA incubated with DHR and PI-labeled S. aureus to determine phagocytosis and oxidative burst.
Viability, Apoptosis, and Necrosis Study
The highest concentration of NEFA (2 mM) was associated with an increase (P < 0.0001) of necrosis, which was concomitant with a decrease (P < 0.0001) of viability (Table 3) . Conversely, none of the concentrations of NEFA tested in the present study modified the percentage of apoptotic cells. Figure 2 shows a scatter-dot plot of PMN sample without NEFA or with NEFA at 2 mM incubated with annexin-FITC and PI to determine apoptosis and necrosis, respectively.
DISCUSSION
Hormonal changes (Kehrli et al., 1998) and metabolite fluctuations (Goff and Horst, 1997) are involved in the depression of the immune system observed in periparturient dairy cows.
A recent in vitro study pointed out a profound reduction of mitogen-induced DNA synthesis, interferon-γ, and IgM secretion in lymphocytes isolated from dairy cows and incubated with various concentrations of NEFA (Lacetera et al., 2004) . Additionally, in another study (Lacetera et al., 2005) , we reported that overconditioned cows have to be considered at high risk of infection because the intense lipomobilization taking place around calving is associated with alterations of lymphocyte functions. Reid et al. (1983) demonstrated a direct effect of NEFA on phenotype and functionality of bovine PMN. The present study pointed out no effects of NEFA on PMN phagocytosis. Numerous researchers indicated that PMN have the capacity to metabolize fatty acids through different metabolic pathways, which makes these cells resistant to an overload of fatty acids. Resting PMN can incorporate and store large quantities of exogenous free fatty acids into triacylglycerol or oxidize them to a very large extent (Burns et al., 1976; Phillips et al., 1986) . Moreover, other studies indicated that triacylglycerol is stored by PMN to be utilized for phospholipid synthesis (lecithin) during phagocytosis (Elsbach and Farrow, 1969) .
Consistent with previous reports (Kakinuma and Minakami, 1978; Listenberger et al., 2001) , results reported herein indicated that the highest concentration of NEFA (2 mM) enhanced phagocytosis-induced oxida- tive burst in terms of MFI. In 2000, de Pablo and de Cienfuegos reported that alteration of the fatty acid composition of cell membranes might cause changes in membrane fluidity, which may modify the activity of some membrane-bound enzymes, such as of NAD(P)H oxidase. Accordingly, Inoguchi et al. (2000) demonstrated that high concentrations of palmitate and oleate stimulate ROS production through protein kinase Cdependent activation of NAD(P)H oxidase in phagocytic cells.
It is not easy to formulate hypotheses to explain why the incubation of PMN with the lowest concentrations of NEFA (0.5, 0.25, 0.125, 0.0625 mM) reduced the percentage of positive PMN. However, as reported by others (Kadri-Hassani et al., 1995) , fatty acids can exert opposite effects on ROS generation depending on their concentration.
Interestingly, further studies should establish the NEFA effect on the kinetics of PMN ROS, intracellular and extracellular production. The interest of such kind of studies is related to previous findings, which indicated that extracellular deposition of ROS can destroy the surrounding tissues (Passo et al., 1982) .
Finally, further studies should also verify whether NEFA might influence other aspects of bovine PMN functions (e.g., chemotaxis or diapedesis) that were not considered in our study. Consistent with this hypothesis, previous studies testing the effects of ketones on sheep PMN demonstrated that BHBA negatively affected chemotaxis, but not phagocytosis (Sartorelli et al., 1999) .
The highest concentration of NEFA (2 mM), the same inducing the increase of ROS generation, was associated with reduced viability (48.0 vs. 97.5% in the control samples, P < 0.0001) and an increase of necrosis (49.38 vs. 0.49% in the control samples, P < 0.0001). None of the other concentrations of NEFA exerted significant effects. Several researchers (Kakinuma and Minakami, 1978; Listenberger et al., 2001) documented that high concentrations of fatty acids can increase the generation of ROS that may be responsible for cell damage and death through necrotic processes. To a certain extent in contrast to our findings, Mehrzad et al. (2004) reported a positive correlation between latex-stimulated chemiluminescence and milk PMN viability. Finally, it may also be hypothesized that the higher MFI recorded in PMN incubated with NEFA at 2 mM might also be due to nonspecific fluorescence deriving from the breakdown of dead cells. In other words, 2 mM of NEFA might have exerted a toxic effect and caused a huge increase in necrotic cells. This might have been associated with loss of cell membranes and increased fluorescence.
Previous studies hypothesized that increased percentages of necrotic PMN may increase the risk for mastitis around calving (Van Oostveldt et al., 2001) and that metabolic events associated with energy insufficiency (increased fat mobilization, etc.) are related to higher risk of metritis (Kaneene et al., 1997) . Our study would suggest a possible relationship between the 2 events, in that an intense fat mobilization may be associated with high risk of infections because of the effects of NEFA on PMN viability.
In contrast to necrosis, no significant changes in apoptosis were observed in PMN cultured in the presence of NEFA. However, the double labeling method used in our study to detect apoptosis and necrosis was unable to distinguish between primary and secondary necrosis. The latter type of cell death can occur when apoptotic cells cannot be phagocytized by macrophages (Kar et al., 1993; Savill and Haslett, 1995) . The hypothesis that in our study PMN death was due to a secondary necrosis consequent to apoptosis would be compatible with the fact that our experiments were carried out on isolated PMN in the absence of macrophages. Finally, we may also hypothesize that the incubation time of PMN with NEFA was too long and permitted the secondary necrosis of apoptotic cells. Therefore, realization of further studies with incubation times shorter than those utilized herein might avoid the occurrence of secondary necrosis and limit phenomena under observation to primary necrosis and apoptosis (Majno and Joris, 1995) .
Finally, in contrast to previous findings relative to sheep and bovine lymphocytes (Lacetera et al., 2002a (Lacetera et al., ,b, 2004 , this study did not show any dose-dependent response of PMN to NEFA and pointed out the most significant effects when PMN were incubated with NEFA at 2 mM. Compared with data relative to lymphocytes, these results confirm (Burns et al., 1976; Phillips et al., 1986 ) the resistance of PMN to an overload of fatty acids and authorize additional in vitro studies aimed to assess the effects of NEFA on PMN functions at concentrations ranging from 1 and 2 mM (e.g., 1.25, 1.5, and 1.75 mM).
CONCLUSIONS
The present study provided evidence that high concentrations of NEFA can regulate some functions of bovine blood PMN (namely ROS production and viability).
Further in vitro studies should be undertaken to ascertain the effects of NEFA on PMN functions different from those considered in the present study and also whether milk PMN would respond to NEFA in a similar manner. Furthermore, additional studies are needed to elucidate which fatty acids may be responsible for PMN dysfunction and verify their immunopharmacologic potential.
Results reported herein also encourage epidemiology studies to assess whether the intensity of lipomobilization per se is associated with the downregulation of PMN functions and possibly with the higher incidence of periparturient infections in dairy cows. The hypothesis that serum NEFA concentrations have potential as indicators of PMN functionality and risk of infections should also be verified.
